Background
Radioembolization (RE) using radioactive microspheres in patients with advanced unresectable primary or secondary liver cancers is currently used as a palliative therapy, especially in those patients who have no other option of further effective therapy [1] . Most studies concerning Selective Internal Radiation Therapy (SIRT) concentrate on the use of yttrium ( 90 Y)-labeled resin or glass spheres [2] [3] [4] . This type of treatment can be effective even for tumor burden within the liver because direct administration of the radiolabeled particles via the hepatic artery results in deposition of the radioisotope, primarily into the tumor vascular bed. Consequently, the release of high-energy b-particles (electrons) can result in an effective tumor treatment and, since there is less particle deposition within the normal liver, toxicity is reduced [1] [2] [3] [4] .
However, the use of 90 Y spheres has some drawbacks, the most common in many countries being the high cost of the commercially available products, and unreliable overseas shipments. Additionally, since 90 Y is a pure beta emitter, only bremsstrahlung post-therapy imaging is possible, which is not optimal for precise evaluation of radioactive spheres deposition within tumor lesions [1] . This is also why it is very difficult to perform robust personal internal dosimetry, as the images of radiotracer biodistribution are blurry. The situation would be much improved if the radionuclide embolization agent emitted gamma radiation, which would allow for good imaging and subsequent dosimetry. Additionally, local production of this agent would improve its availability and reduce the cost of therapy [5] [6] [7] [8] [9] [10] .
In this respect, 188 Re seems to be a very attractive radioisotope for this type of therapy. It is generator-produced, so it can be available in a standard nuclear medicine department. Additionally, its labeling is relatively easy using kits such as human serum albumin (HSA) [6, 7] . Another advantage of 188 Re HSA is its high in vitro and in vivo stability [6] [7] [8] 10] . Usually radiochemical purity greater than 95% is achieved, which is better than in other radiopharmaceuticals such as 188 Re-HDD/lipiodol [9, 10] .
Currently there are only a few publications on the use of 188 Re HSA spheres in patients with advanced primary and secondary liver cancer [8, 10] . In this study, we present our experience using 188 Re HSA microspheres in the therapy of patients with advanced, nonresectable primary and secondary liver cancer, and the effect of this treatment on survival.
Material and Methods

General
This was a prospective single institution open-label phase I-II study, which was approved by the Clinical Ethics Committee of the Central Clinical Hospital Ministry of Internal Affairs. Prior to recruitment, all patients understood the experimental nature of the treatment and provided their written consent.
Patients
The studied group was 13 patients (7 females) with a mean age of 55.7 years (range 26-78 years), with a histological diagnosis of primary or metastatic cancer within the liver. All patients enrolled in this study had failed standard therapeutic approaches. Each case was evaluated by a clinical oncologist, surgeon, and interventional radiologist before being accepted for radioembolization.
Study
None of the patients had received prior radioembolization treatment. All had evidence of clinical, biochemical, or radiological progression evaluated by CT or MRI based on Response Evaluation Criteria in Solid Tumors (RECIST) v.1.0. Exclusion criteria were: Hemoglobin (Hb) <8 g/dL, White Blood Count (WBC) <2×10 3 /mL, Neutrophils Counts (ANC) <1.5×10 3 /mL, Platelets (Plt) <80×10 3 /mL, creatinine level >1.2 mg/dL or GFR <30 mL/min, and poor performance status (WHO status 3 and 4). In hepatocellular cancer (HCC) the Child-Pugh status was B >8 PN and total bilirubin >3.0 mg/dL. Before being included in the study, each patient's liver-lung shunt was assessed using whole body imaging after intra-arterial infusion of 99m Tc HSA microspheres (B20, 2.5 mg), injected within 2 h after preparation, 120 MBq into the right hepatic artery and 80 MBq into the left hepatic artery (ROTOP Pharmaka AG, Germany). A shunt of less than 20% was the necessary criterion for treatment. Other contraindications for treatment included pregnancy, established myelosuppression, renal failure, heart insufficiency [New York Heart Association class III or IV], unstable Coronary Artery Disease (CAD), uncontrolled hypertension, ascites, evident lung metastases, or other extra-liver significant metastatic disease except single bone metastases, single abdominal lymph nodes involvement, pulmonary disease (e.g., severe asthma/chronic obstructive pulmonary), survival expectancy of less than 3 months, the presence of other cancers (excluding in situ skin cancer and ca coli uteri), HIV infection, and known immunosuppression.
Radiopharmaceutical
The physical characteristics of 188 Re are as follows: the halflife is equal to 16.9 h and the maximum energy of beta emission is 2.1 MeV. Additionally, a gamma emission of 155 keV (15% abundance), which accompanies 188 Re beta decay, provides opportunity for post-therapeutic imaging, allowing determination of biodistribution of the radiotracer and personalized dosimetry.
The method for preparation of 188 Re microspheres was based on the procedure described earlier by Wunderlich et al. [6] [7] [8] with some modifications. Briefly, to make the labeling procedure easier to perform in the hospital, the components of labeling mixture -2,5 dihydroxybenzoic acid (Fluka AG) SnCl 2 anhydrous (Sigma-Aldrich) and potassium sodium tartrate (POCH Gliwice, Poland) -were prepared under aseptic conditions in the lyophilized form, each in a separate vial. Prior to use for injection, the content of these vials was dissolved in water. Carrier-free [ Re generator (NCNR POLATOM, Poland). The labeling was carried out in the presence of stannous chloride using HSA microspheres B20; 2.5 mg, 300 000-500 000 particles (ROTOP Pharmaka AG, Germany).
For radiolabeling, 2 mL of the solution containing 4.7 mg/mL of 2,5 dihydroxybenzoic acid and 5 mg/mL of SnCl 2 were added to each of 1-3 vials of B20 HSA microspheres and their content was resuspended by gently shaking. The desired quantity of [ 188 Re] perrhenate in saline in the range from 3 to 4.5 GBq in 1-4 mL was added to the microspheres vials and the content incubated at 95°C for 1 h. When incubation was completed, 0.6 mL of 42 mg/mL potassium sodium tartrate solution was added and the contents shaken again for 5 min without heating. The radiolabeling yield was tested by filtration using Sterifix Paed 0.2 µm (B. Braun, Germany). The preparation was ready for injection when more than 95% of [ 188 Re] radioactivity was bound to microspheres.
Radiation treatment planning
All patients underwent CT angiography and an additional MR before and after intravenous (i.v.) contrast enhancement to calculate the volume of the right and left lobes of the liver, as well tumor volume for each lobe. The ratio of tumor volume to the normal liver was measured to determine the planned injection activity. In case of bilobar tumor involvement, the second RE was performed 2-4 weeks after the first RE procedure. The data from the pre-treatment "scout" planar scan, following administration of 99m Tc-microspheres (MAA) through a selective liver catheter, was done separately for the left hepatic artery (mean 99m Tc activity 80 MBq) and right hepatic artery (mean 99m Tc activity 120 MBq). These data were used to determine the liver-lung shunt and to visually assess accumulation of MAA spheres within the liver. In the case of liver-lung shunt exceeding 20%, the patient would not be treated, but in this group the liver-lung shunt was always below 5%. The activity of 188 Re HSA to be injected was calculated based on an empirical method [11] . In patients who had a ratio of tumor to liver volume above 50%, the total injection activity of 188 Re HSA was higher than 9.0 GBq, in those between 25% to 50% it was 6.0-9.0 GBq, and those with a ratio below 25% received 3.0-6.0 GBq. These highest activities correspond to the sum of the 2 injections used for the 7 patients with bilobar disease.
Radioembolization -procedure
A standard radiological method using femoral artery puncture with a 4F angiographic sheath (Balton, Poland) was used. Angiography of abdominal aorta, celiac trunk, common hepatic artery, and superior mesenteric artery was performed using power injection and 4F SIM catheter (Cordis, USA) [1] [2] [3] [4] . Before the RE, the liver and abdominal vasculature was identified using hepatic mapping angiograms. In each case, collateral vessels supplying extra-hepatic structures such as the stomach and pancreas were identified and embolized, especially the gastroduodenal (GDA) and right gastric (RGA) arteries. Using a coaxial method, the microcatheter (Microferret, Cook Medical Inc., USA) was inserted into the right gastric artery and gastroduodenal artery and the embolization was done using coils (Hilal, Tornado, Cook Medical Inc. USA). In 4 cases, the embolization of GDA was performed using the Amplatzer Vascular Plug II (AGA Medical, now part of St. Jude; USA). Re HSA (calculated according to the empirical method discussed above) placed in approximately 10 ml of buffer solution was administered using a modified delivery set, via a microcatheter placed into the left or right lobe of the liver. In each case, 188 Re HSA high-active solution was diluted by saline and slowly infused for a mean duration of 45 min. During RE, potential arterial spasm and reverse back-flow was carefully monitored using sequential low-contrast volume fluoroscopy. In case vascular spasm and significant back flow occurred, the procedure was discontinued. In patients with involvement of both lobes, sequential second lobe therapy was performed over the next 2-4 weeks.
Image processing
The imaging protocol for each patient included a standard CT scan performed before RE, a single whole-body (WB) scan done 6 h after treatment, and 2 or 3 SPECT scans of the abdomen performed at 6-10 h, 18-24 h, and 48 h after treatment. These multiple scans were performed to investigate potential release of 188 Re from the site of injection. A standard double-head camera (e-cam; Siemens; USA) equipped with a medium-energy low-penetration (MELP) collimator was used for SPECT and WB acquisitions. The data were collected in 2 energy windows: window 1 (W1) (155 keV ±10%) measured the 188 Re photopeak (abundance of 15%) and window 2 (W2) Images were reconstructed from the W1 data using the Ordered Subsets Expectation Maximization (OSEM) algorithm, in which the W2 data was included to account for bremsstrahlung [5] . The patient-specific corrections for attenuation, scatter, and resolution loss were applied. For attenuation and scatter corrections, attenuation maps were created from the pre-therapy CT images. The conversion to absolute activity was done using experimentally determined camera efficiency and dead-time.
Evaluation of response
The radiological response to therapy (RECIST v.1.0, considering the change in the sum of diameters of the dominant liver lesions) was assessed using MRI. These MRI studies were performed 2-6 weeks after the treatment and then repeated every 3 months during the follow-up period up to 1 year, then in 6-month intervals. Additional maximum percent change from baseline in the sum of the biggest volume diameters of target lesions (the same as RECIST) were evaluated at 3 months after RE using commercial software Syngo-Via v.1.2 (Siemens, Germany). Clinical response and performance status (WHO -Zubrod) after RE were evaluated based on physician interviews. These were conducted before the RE and then at 1, 3, and 6 weeks after completion of therapy, and later at 3-month intervals. Assessment included appetite; malaise; weight loss; and the presence, intensity, and frequency of abdominal pain, diarrhea, nausea, vomiting, and fever. The use of any analgesic and other drugs before and after treatment was also recorded.
Adverse events
Adverse events (AE; toxicity) were graded in accordance with the National Cancer Institute Common Terminology Criteria for Adverse Events v.4.03 (NCI CTCAE). For gastrointestinal and general adverse events, a standardized set of questions (including appetite; malaise; weight loss; and the presence, intensity, and frequency of abdominal pain, diarrhea, nausea, vomiting, and fever). Acute adverse events within 1 week, 6 weeks, and 3 months after RE were acquired.
Statistical analysis
Efficacy was assessed in the intention-to-treat population on the basis of investigator-assessed tumor response. Estimated median overall survival (OS) and progression-free survival (PFS) were evaluated using the Kaplan-Meier method, with corresponding 2-sided 95% confidence intervals. Potential differences in OS and PFS between groups of patients based on histology of metastatic tumors vs. primary (HCC) were evaluated using the Cox-Mantel test. The potential differences between groups of parameters, such as performance status (WHO) before therapy and 6 weeks after therapy, or potential changes of biochemical profile during therapy and at 6 weeks and during follow-up, were evaluated using a Wilcoxon matched-pair test. The value of P<0.05 was considered as statistically significant.
Results
The group of 13 patients that were treated included: 4 patients with hepatocellular carcinoma (HCC), 6 subjects with metastatic into liver colorectal carcinoma (mCRC), 2 patients with 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License PRELIMINARY REPORT neuroendocrine carcinoma (NEC G3), and 1 patient with metastatic ovarian carcinoma. Clinical characteristics of the patients, including type of cancer and initial performance status (PS) based on WHO, are presented in Table 1 . Table 2 presents tumor and liver characteristics for all patients enrolled in this study, including subgroups of those with primary and metastatic disease. Table 3 summarizes previous patient therapies, including surgery, systemic chemotherapy, and (in a case of HCC) transarterial embolization (TACE).
A total of 20 therapies were given with a mean administered activity of 7.24 GBq (range 3.8-12.4 GBq) per patient (mean 4.71 GBq per therapy session). A summary of therapy data is presented in Table 4 . Seven patients (4 with mCRC, 2 with HCC, and 1 with NEC) had 2 therapy sessions due to both left and right lobe liver involvement. A second embolization was performed within 2-6 weeks after initial RE.
A preliminary analysis of the sequential SPECT studies indicated no reduction or only a slight reduction of 188 Re accumulation in the liver over time (data were corrected for physical decay). The results of the quantitative analysis of these data together with patients' personalized dosimetry calculations, are reported in our previous publication [12] .
Bio-distribution of microspheres and internal dosimetry
The distribution of 188 Re-HSA microspheres in the post-therapy images (WB and SPECT) showed good localization of radiotracer within the liver tumors. Figure 1 presents 
Adverse avents (toxicity)
No major acute adverse events were recorded during the therapy sessions or within 48 h of administration of the 188 Re HSA microspheres. In a single case, a mild allergic reaction with increase of breathing and heart rate, and vascular spasm occurred during fluoroscopic control angiography with low-volume intra-arterial radiological contrast. The RE was terminated and standard steroid and antihistamines were given, resulting in relief of the allergy symptoms.
In terms of general toxicity, a mild post-embolization syndrome occurred in 8 patients (76%). Fatigue and grade 1 fever was observed in 5 patients and grade 2 in 1 patient. Weight loss A B 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License was observed in 3 patients. Reported gastrointestinal toxicity mostly consisted of nausea (6 patients) and abdominal pain (5 patients) ( Table 5 ). The single patient with the allergic reaction required 48-h hospitalization. All other patients remained in the hospital for 24 h, this being governed by radiation protection requirements and not by the clinical state of the patient. Within 1 week after therapy, the liver function test showed grade 2 toxicity, with a rise in bilirubin level and alkaline phosphatase in 2 subjects (15%), and in 1 patient with grade 2 reduction in fibrinogen (Table 6 ). Most reported cases of grade 2 toxicity were seen 6 weeks after treatment, although a few additional cases of grade 3 toxicity (increased bilirubin in 2 patients and alkaline phosphates in 2 patients) were seen after 3 months. However, all these cases were related to further rapid disease progression.
Clinical benefit
In terms of clinical response, including general condition before therapy, patient performance status (PS WHO) was assessed as follows: WHO grade 0 in 1 patient (8%), WHO grade 1 in 8 patients (62%), and WHO 2 in 4 patients (31%). At the assessment performed 6 weeks after the therapy, the performance status was noted as PS WHO 0 in 5 patients (38%), WHO grade 1 in 6 patients (46%), and WHO grade 2 in 2 patients (15%). This improvement was statistically significant (Wilcoxon matched pair test P=0.01). Clinical improvement was also noted in most patients during follow-up visits. After 6 weeks, 12 patients demonstrated some benefits in terms of clinical response or disease stability and only 1 patient had progressive disease. At 3 months after treatment, clinical response or stability was seen in 11 patients, with just 2 having progressive symptoms. At 6 months, there were 8 survivors, 6 of whom were clinically stable, but 2 patients had clinical progression.
Radiological response
Radiologic response assessment using RECIST v.1.0 on MRI, and in a single case CT at 6 weeks after therapy, showed stable disease in 12 patients and disease progression in just 1 patient. At 3 months, 1 patient had a partial response, 7 patients were stable, and 5 had progressive disease (Table 7) . Figure 3 shows the maximum percent change in the sum of the longest diameters of target lesions, evaluated using RECIST v.1.0 and volumetric analysis, in the sum of the biggest volume of the same target lesions, evaluated from baseline and after 3 months after therapy using sequential MRI in all 13 patients. 
PFS and OS
Median PFS calculated for all 13 subjects was 5.1 months (±95% CI 2.4-9.9), median OS was 7.1 months (±95%CI 6.2-13.3) (Figure 4 ). In patients who had a clinical partial response (PR), stable disease (SD), and disease progression (DP) as assessed 6 weeks after therapy, the median OS was 9/5/4 months, respectively, and PFS was 5/2/0 months, respectively.
Discussion
The results of this study indicate that 188
Re-HSA can be considered to be a safe and effective treatment in patients with advanced primary or metastatic liver tumors that are resistant to standard treatment. Post-treatment symptoms were mild and manageable. Although some late toxicity was seen in the majority of patients, this was due primarily to disease progression and did not appear to be the result of the treatment. Previously published reports using intra-arterial 188 Re products have concentrated on the use of HDD Lipiodol to treat primary HCC [9, [13] [14] [15] [16] . The results of several of these studies were slightly better than observed in our patient group, but their patients often had just HCC, which has a relatively better prognosis than many metastatic cancers with liver involvement [10, [13] [14] [15] [16] . However, a common trait observed in these trials is patients' high level of tolerance for the treatments, with only a mild post-embolization syndrome. The results of our trial are also similar to those reported in other small-scale 
Fibrinogen
Grade 2 1 (7.5%) 1 (7.5%) 1 (7.5%) Re-labelled microspheres administered into the liver via the hepatic artery [8, 10] .
At present, the most commonly used form of radioembolization uses 90 Y-labeled microspheres, which has been shown to be effective against both metastatic cancer of the colon and hepatocellular cancer. In a randomized control trial, it was shown that the sequential use of 90 Y resin RE and 5FU treatment increased medical overall survival from 3 months to 18 months in patients with liver metastases from colon cancer [17] . Further phase II trials have shown that similar prolonged survivals can be obtained when using RE in combination with more modern chemotherapy regiments. However, chemotherapy often results in adverse events (toxicity), which limit treatment outcomes [17, 18] . A recent randomized controlled trial comparing the use of 90 Y resin microspheres with and without chemotherapy in mCRC is being undertaken in Europe and may provide more complete data on what response can be expected from this treatment method.
Although there have not been any phase III trials in HCC with 90 Y resin microspheres, there are 2 ongoing phase III trials (1 in Europe and 1 in East Asia), and the results of multicenter trials presented in a recent European paper with pooled results from centers in Spain, Italy, and Germany suggest that a median overall survival of 12 months can be achieved with minimal toxicity [19] .
However, the overriding issue with therapies that use 90 Y particulates is their cost (normally of the order of €10,000 per treatment), which limits access to this therapy in many countries, especially now that healthcare budgets are restricted (20) . The result of our study suggests that 188 Re-HSA could produce similar effects to 90 Y RE, at about one-forth the cost. It is important to note that from the physics point of view, the energy and the range of 188 Re beta emissions are very similar to those of 90 Y; therefore, their dose depositions must also be similar. Also, the advantage of a generator-produced radioisotope is that greater usage leads to lower per-unit cost [21] . In this study, the 188 W generator was held in a central facility and its long half-life (69.8 d) of 188 Re allowed this 1 facility to provide treatment doses to many regional hospitals, as has been done in other trials using 188 Re-HDD Lipiodol [14, 15] . This again could improve cost efficiency.
As this was a phase I-II trial, only patients with advanced disease who had failed standard treatment were recruited. The poor health status of this patient population to some extent explains why the survival data was worse than in other trials treating less advanced patients. The preliminary dosimetry 
